INTRODUCTION
Polyunsaturated fatty acids are essential for the development of the fetus (Innis, 1991) . Especially, docosahexaenoic acid (DHA; C22:6n-3) is important as a structural component of membrane phospholipids and present in high concentration in brain (Stillwell and Wassall, 2003) . Hence, including DHA in the gestation diet can be beneficial for reproductive outcome. The dam can obtain DHA directly from the diet (e.g., by adding fish oil), or it may result from conversion of precursor fatty acids (FA) . As fish oil is becoming a scarce resource (Delgado et al., 2003) , research for sustainable alternatives is needed. Including linseed oil [source of the precursor FA α-linolenic acid (ALA; C18:3n-3)] in the maternal diet has already been studied in pigs (e.g., Bazinet et al., 2003a) . Although some results indicate an increase in the DHA concentration in offspring, the conversion from ALA to eicosapentaenoic acid (EPA; C20:5n-3) and DHA is rather low. The same has been concluded in humans (Brenna, 2002) and is mostly explained by the rate-limiting enzyme Δ6-desaturase (Cho et al., 1999) , although it has never been properly validated.
This study evaluated another source of precursor FA, namely echium oil (from the plant Echium plantagineum L.), which is a source of ALA and stearidonic acid (SDA; C18:4n-3). Stearidonic acid is the first desaturation product in the conversion of ALA to long-chain (LC) derivatives and, thereby, it bypasses the enzyme Δ6-desaturase (Sprecher, 2000; Supplemental Fig. 1) . Hence, the first goal of this study was to determine whether echium oil in the maternal diet would be more efficient than linseed oil to increase the DHA concentration in the newborn. Furthermore, as a result of their double bonds, PUFA are prone to oxidation and including PUFA in the diet may induce oxidative stress (L´Abbé et al., 1991) . Hence, the second goal of this study was to investigate if PUFA can be added to the maternal diet without affecting oxidative status of dam and progeny.
MATERIALS AND METHODS
The trial was conducted from April until September 2010 at the Institute for Agricultural and Fisheries Research (Melle, Belgium), and the institutional and national guidelines for the care and use of animals were followed. All experimental procedures involving animals were approved by the Ethical Committee of the Institute for Agricultural and Fisheries Research (approval number EC 2010/129).
Animals and Diets
Sixty-five sows (Rattlerow-Seghers Hybrids; RA-SE Genetics NV, Lokeren, Belgium; parity 1 to 12) were inseminated with Piétrain pig semen and were fed a standard commercial gestation diet until d 73 of gestation. The trial consisted of 4 consecutive groups of sows, corresponding to the 3-wk batch insemination system of the farm (with 13, 16, 17, and 19 sows in groups 1 to 4, respectively). Within each group, sows were allocated to 1 of the 4 experimental diets (Fig. 1) , and sows were balanced for parity and BW. There were 4 diets in the trial: a palm oil diet and a diet including 1% linseed oil, echium oil (Incromega V3; Croda Europe Ltd, Leek, Staffordshire, UK), or fish oil (INVE België NV, Baasrode, Belgium; Tables 1 and 2 ). By including equal amounts of echium oil and linseed oil in the maternal diet, comparable concentrations of total n-3 precursor FA (ALA + SDA) were present in both diets, but the linseed oil diet contained only ALA and the echium oil diet contained both ALA and SDA. All diets were formulated to contain a similar amount of linoleic acid (LA; C18:2n-6; 14 g/kg) by adjusting the level of soy oil in the diet and total oil concentrations in the diets were similar between dietary treatments. All diets were supplemented with vitamin E (DL-α-tocopherol acetate; 75 mg/kg). The total number of sows per diet was 16, except 17 for the fish oil diet.
The sows were fed the experimental diets from d 73 of gestation and during lactation. During gestation, 2.6 kg/d of the gestation diet was fed. Gestating sows were penned individually (1.80 × 0.60 m; partly slatted concrete floor) in a naturally ventilated house. One week before the expected farrowing date, the sows were transferred to the farrowing pens (1.90 × 1.70 m; PVC slatted floor; farrowing crates: 1.75 × 0.60 m; metal slatted floor). Temperature was controlled at 20°C. Heat lamps and floor heating (0.60 × 0.45 m) was provided for the piglets. The sows were fed 3 kg/d of the lactation diet until farrowing. After farrowing, they received 0.25 kg feed extra per piglet born. Lactation diets were fed until weaning at 4 wk. All diets were fed in 2 equal daily portions.
Both gestation and lactation diets were prepared in 2 batches. Because of a manufacturing fault, the sows of group 4 from the linseed oil diet were fed a gestation diet containing 2% linseed oil instead of 1%. The data Figure 1 . Experimental design of the trial, indicating time of feeding, sampling, number of animals sampled, and diet allocation. *Number of animals sampled per dietary treatment (the number of animals for groups 1 to 4, respectively, in the parenthesis); † samples were taken from the lightest and heaviest male piglet per litter at birth; and ‡ samples were taken from the lightest and heaviest piglet per litter at weaning. of these sows was not omitted from the dataset, as will be discussed later.
Experimental Procedures
Three blood samples (15 mL) were taken from each sow by jugular venepuncture (Venosafe tubes with K 2 EDTA; Terumo Europe, Leuven, Belgium) at the beginning of the experiment before starting the dietary treatments (d 73 of gestation), at d 93 of gestation, and around farrowing (Fig. 1) . Farrowing was not induced, and during farrowing a sample of colostrum was obtained by hand and stored at -20°C until analysis. As it was not possible to attend all farrowings, 37 samples of colostrum were obtained (9, 7, 11, and 10 samples for palm, linseed, echium, and fish oil dietary treatment, respectively).
Within 24 h after birth, the BW and sex of each piglet was recorded and 2 male piglets per litter were selected (i.e., the lightest and heaviest piglet). These selected piglets were killed by inhalation of Isoflurane (Isoba; Schering-Plough Animal Health, Middlesex, UK), immediately followed by bleeding. Blood samples were collected into tubes containing EDTA. Also, at weaning, piglet BW was recorded and 2 piglets per litter were selected (i.e., the lightest and heaviest piglet at the time of weaning). Blood samples (5 mL) were taken from these piglets by jugular venepuncture (Venosafe tubes with K 2 EDTA, Terumo Europe). All blood samples were centrifuged at 1800 x g for 15 min at room temperature and stored at -20°C until analyzed.
One sow of the first group on the fish oil diet aborted on d 100 of gestation. Therefore, no blood sample was taken from that sow at farrowing and, consequently, no samples were taken from her offspring. Some values were missing as blood sampling failed with 1 sow in the first group at d 73 of gestation and 1 sow in the second group at d 93 of gestation (both on echium oil diet). As piglets needed to be sampled within 24 h after birth and as not all farrowings could be attended, it was not possible to obtain samples from the piglets of each sow. In total, 96 piglets were sampled (18, 28, 24 , and 26 piglets in groups 1 to 4, respectively, or 22, 22, 26, and 26 piglets from sows fed palm, linseed, echium, and fish oil, respectively; Fig. 1 ). Two results for FA composition of plasma and oxidative status measurements of the newborn piglets were omitted from the dataset (2 piglets from the lightest weight class from sows fed linseed oil), as these deviated (>3 SD) from the other results. During late lactation, 1 sow in group 1 was removed from the experiment because of terminal illness and 1 sow in group 2 suddenly died. Consequently, no blood samples were taken from their piglets at weaning. Both sows were on the linseed oil diet; however, there were no indications that their death or illness was related to the dietary treatment.
Analytical Procedures
Feed samples were analyzed for DM, ash, CP, crude fat, and crude fiber. Fatty acid composition of feed, plasma, and red blood cells (RBC) was analyzed by direct transesterification using 250 mg of feed and 200 μL of plasma or RBC. Toluene, containing nonadecanoic acid (C19:0) as internal standard, and methanolic NaOH (0.5 M NaOH in methanol) were added. The samples were put in a warm water bath (70°C) for 60 min and cooled down at room temperature. After HCl/MeOH (1:5, vol:vol) was added, the samples were put in an oven (50°C) for 30 min and cooled down at room temperature. Hexane and sodium hydrogen carbonate were added, samples were centrifuged at 800 x g for 5 min at room temperature and the top layer was filtered over column (glass wool, silica gel, and a small amount of activated carbon) and transferred to gas chromatography (GC) vials. The fatty acid methyl esters were analyzed by GLC (HP6890; Agilent, Brussels, Belgium) using a column (30 m × 250 µm × 0.25 µm; SolGel-Wax, SGE Analytical Science, Ringwood, Victoria, Australia). The GC conditions were: injector, 250°C; detector, 280°C; H 2 as carrier gas; and temperature program, 150°C for 2 min, followed by an increase of 3°C/min to 250°C, and 250°C for 25 min. Peaks were identified by comparing the retention times with those of the corresponding standards (Sigma-Aldrich, Bornem, Belgium). The FA composition of colostrum was analyzed by GC, with milk fat extraction adapted from Chouinard et al. (1997) , followed by methylation (Stefanov et al., 2010) . Total n-6 and n-3 FA were calculated as the sum of C18:2n-6 + C18:3n-6 + C20:3n-6 + C20:4n-6 + C22:4n-6 + C22:5n-6 and as the sum of C18:3n-3 + C18:4n-3 + C20:4n-3 + C20:5n-3 + C22:5n-3 + C22:6n-3, respectively. The C20:2n-6 and C20:3n-3 are presented in the results, but were left out of these sums, as they belong to another pathway.
Variables related to oxidative status were measured in the plasma of sows and piglets, including ferric reducing ability of plasma (FRAP), malondialdehyde concentration (MDA), and glutathione peroxidase activity (GSH-Px). The FRAP value is a measure for the total antioxidative capacity of plasma. The analysis is 3 First/second batch: the second batch of the linseed oil gestation diet contained 2% linseed oil instead of 1%. Only sows in group 4 were fed the diet of the second batch.
based on the reduction of Fe 3+ -tripyridyltriazine to Fe 2+ -tripyridyltriazine by antioxidants present in the plasma (Benzie and Strain, 1996) , and it is expressed in millimol Fe 2+ formed per liter of plasma. Malondialdehyde is an end product of lipid peroxidation and its concentration was measured spectrophotometrically by a modified method in accordance to Grotto et al. (2007) . The concentrations are expressed as nanomol MDA per milliliter of plasma. Glutathione peroxidase is an enzyme, which protects the organism from oxidative damage by reducing hydrogen peroxide and lipid peroxides. The activity was determined by measuring the oxidation of NADPH according to the method of Hernández et al. (2004) and is expressed as micromol NADPH per minute per liter of plasma. Also, the concentration of α-tocopherol was determined in the sow and piglet plasma using HPLC by saponification with KOH and hexane extraction (Desai, 1984) . The results are expressed as microgram per milliliter of plasma.
Statistical Analysis
The data were analyzed by ANOVA using the Mixed Model procedure (SAS Inst. Inc., Cary, NC). For observations on sows, the sow was considered the experimental unit. For observations on piglets, the piglet was the experimental unit. For the reproductive traits and individual piglet BW, the model included the fixed effects of diet, group, and diet × group interaction. For the piglet BW at weaning, the number and BW of piglets at birth was added to the model as a covariate.
To analyze the FA composition and oxidative status measurements of the blood of the sows, a preliminary analysis was done to check for differences in these variables at the start of the experiment (d 73 of gestation). Therefore, the data of d 73 were analyzed using a model with diet, group, and diet × group as fixed effects. Significant diet effects were observed only for some minor FA in the plasma and RBC of the sows at d 73. No diet effect (P > 0.05) was observed for the oxidative status measurements. Therefore, it was assumed that the sows entered the experiment at comparable baseline values for FA profiles and oxidative status. Consequently, the data were analyzed using an ANOVA for repeated measurements, with sow within diet × group as the subject of the repeated effect of time (i.e., days of gestation) and with diet, group, time, and all 2-way interaction terms as fixed effects. The FA composition of the colostrum was analyzed with a model including diet, group, and diet × group as fixed effects. For the FA composition and oxidative status measurements in the blood of the newborn piglets, the model included the fixed effects of diet, group, weight group, and all 2-way interaction terms. For the weaned piglets, sex was also added to the model in a preliminary analysis. However, sex was not significant (P > 0.05); consequently, it was left out of the final model.
Post-hoc comparison of least squares means was done using the Tukey method. Differences were considered significant at P < 0.05. Values in the text are presented as least squares means ± SE.
RESULTS
Because of a manufacturing fault, the group 4 sows on the linseed oil diet were fed a gestation diet containing twice as much linseed oil as the other groups. However, analysis of the data showed that this had no effect on the number of piglets born, gestation length of the sow, piglet weights, and oxidative status measurements of sows and piglets (data not shown). Furthermore, no effect was found on the concentration of ALA and its LC derivatives in the plasma and RBC of the sows and newborn piglets. Only the concentration of C20:3n-3 in sow plasma was greater for group 4 than group 1 (0.14 ± 0.01 vs. 0.10 ± 0.01 g/100 g FA, respectively; P = 0.02). Hence, as the greater amount of linseed oil in the diet did not seem to affect the results, we decided not to omit these data.
Production Traits
Adding n-3 PUFA to the diet of the sow did not influence total number of piglets born (13.7 ± 0.4), number of stillborn piglets (1.3 ± 0.2), and number of weaned piglets (10.8 ± 0.4). Also, gestation length did not differ among diets (114.8 ± 0.2 d). Piglet birth weight did differ among diets. The offspring from sows fed fish oil had lighter birth weight (1.41 ± 0.03 kg) than the piglets from the linseed oil treatment (1.54 ± 0.03 kg; P = 0.006), with no difference between the palm oil (1.45 ± 0.03 kg) and echium oil (1.49 ± 0.03 kg) treatments. Furthermore, daily BW gain until weaning was lower for piglets from sows fed the fish oil diet (214 ± 5 g) compared with piglets from sows fed the echium oil (240 ± 5 g; P < 0.001) or linseed oil diet (234 ± 5 g; P = 0.017), but it was not different from piglets of the palm oil diet (226 ± 4 g). The weaning weight of the piglets of the fish oil treatment (7.64 ± 0.14 kg) was also lighter than for the piglets of the echium oil treatment (8.30 ± 0.15 kg; P = 0.006), with no difference between the palm oil (7.89 ± 0.13 kg) and linseed oil (8.00 ± 0.15 kg) treatments. However, when piglet birth weight and number of piglets born were included as a covariate to the model, no differences in weaning weight were found among the dietary treatments.
Fatty Acid Transfer
Statistically significant group effects were observed for some FA in plasma and RBC of sows and piglets and in colostrum. As the effects were not consistent and appeared mostly in the minor FA, they are not presented in the tables.
In general, the FA composition of the plasma and RBC of the sows was altered as could be expected by feeding those diets. However, some differences were found between plasma (Table 3) and RBC (Supplemental Table 1 ), with RBC being less subject to changes in the diet (e.g., no effect of the diet on n-6 FA in RBC was found). Also, there were fewer time × diet interaction terms in RBC compared with plasma.
Feeding linseed oil to the sows resulted in greater ALA concentrations in the plasma of the sows compared with the other diets at d 93 and at parturition (P < 0.05; Table 3 ). Also, C20:3n-3 was greater at d 93 for the sows on the linseed oil diet compared with the sows fed the palm and fish oil (P < 0.05). At parturition, LA was greater in sow plasma when linseed oil was fed to the sows compared with echium and fish oil (P < 0.05), although the concentration of LA was constant in the diets.
The SDA and C18:3n-6 concentrations were greater in the plasma of the sows fed echium oil compared with the other diets at d 93 and parturition (P < 0.05). Also, ALA was greater in the plasma of the sows fed echium oil compared with palm oil or fish oil at d 93 and parturition (P < 0.05), but it was less than those fed linseed oil. However, none of these differences were found in RBC of the sows fed the echium oil (Supplemental Table 1 ).
The EPA and DHA concentrations in the plasma of the sows did not differ when linseed oil or echium oil was fed, and for both FA, the concentrations were less than the fish oil diet at d 93 and parturition (P < 0.05; Table 3 ). Plasma EPA was greater on the linseed and echium oil diet compared with the palm oil diet (P < 0.05), but this was not found for DHA.
The FA composition of colostrum reflected the FA composition of the diet (Table 4) . Including linseed oil in the diet resulted in greater proportions of ALA and consequently C20:3n-3 in the colostrum compared with the other diets (P < 0.05). For echium oil, greater concentrations of SDA, C20:4n-3, C18:3n-6, C20:3n-6, and C20:4n-6 were observed compared with the other diets (P < 0.05). Similar to the plasma of the sows, EPA and DHA concentrations in the colostrum did not differ between the sows fed linseed oil and echium oil, and both FA were less than those fed the fish oil (P < 0.05). For DHA, there was no difference with the palm oil diet. .79 c 0.55 < 0.001 < 0.001 < 0.001 a-c Within the same time of blood sampling, means without a common superscript differ (P < 0.05). w When diet × time interaction is not significant, the main effect of diet is indicated with a letter, and mean values for palm oil are not different from fish oil, both mean values are lower than for linseed oil (P < 0.05), and no mean values differ from echium oil.
x When diet × time interaction is not significant, the main effect of time is indicated with a letter, and mean values at d 73 are not different from parturition, but both are lower than at d 93 (P < 0.05). Diet effects were observed on all n-6 and n-3 PUFA in the plasma of the newborn piglets and were reflecting the diet of the sows (Table 5) . Linseed oil in the diet of the sows resulted in greater ALA and C20:3n-3 concentrations in piglet plasma compared with the other diets (P < 0.05). Also, the LA concentration was greater when linseed oil was fed compared with the echium oil treatment (P < 0.05). Echium oil resulted in greater SDA, C20:4n-3, and C18:3n-6 concentrations in the plasma of the newborn piglets compared with the other diets (P < 0.05). The EPA and DHA concentrations in the piglet plasma did not differ between the linseed and echium oil treatment. Both linseed and echium oil treatments resulted in greater plasma EPA concentrations compared with palm oil (P < 0.05), whereas for DHA, echium oil, but not linseed oil differed from the palm oil treatment (P < 0.05). Both diets resulted in reduced EPA and DHA concentrations in the plasma of the newborn piglets than the fish oil diet (P < 0.05).
There was also an effect of diet on the total concentration of FA in the plasma of the newborn piglets on a mg/100 mL basis. Piglets from sows fed the linseed oil diet had a greater total amount of FA in their plasma (179 ± 16 mg/100 mL) than piglets from sows fed the palm oil (109 ± 14 mg/100 mL; P = 0.009) or echium oil diet (112 ± 13 mg/100 mL; P = 0.009), but no difference with the fish oil diet (148 ± 16 mg/100 mL). This also resulted in a greater concentration (mg/100 mL) of total SFA, MUFA, and n-6 and n-3 PUFA in the plasma of the piglets on the linseed oil treatment compared with the palm oil and echium oil treatment. However, this did not affect the interpretation of the results regarding the conversion of ALA to its LC derivatives, as mentioned before. The only difference with the relative expression (g/100 g FA) was that linseed oil in the sow diet also resulted in a greater DHA concentration compared with the palm oil diet (2.51 ± 0.24 vs. 1.44 ± 0.22 mg/100 mL, respectively). As plasma FA profiles are generally reported on a relative basis in the literature, we also used this expression to allow proper comparison.
The FA composition of the RBC of the newborn piglets (Supplemental Table 2 ) showed, in general, the same diet effects as plasma, except for the piglets of the sows fed echium oil. Contrary to what could be expected because of the diet, no effect of echium oil on SDA, ALA, and C18:3n-6 was observed in the RBC of the piglets. Also, in the RBC, there was an effect of diet on the total amount of FA. Piglets from sows fed the linseed oil diet had a greater total amount of FA in their RBC (213 ± 7 mg/100 mL) than piglets from sows fed the palm oil (177 ± 7 mg/100 mL; P = 0.004) or echium oil diet (175 ± 7 mg/100 mL; P = 0.002), but no difference with the fish oil diet (195 ± 8 mg/100 mL RBC). This had the same implications for the total amount of SFA, MUFA, and n-6 and n-3 PUFA in the RBC of the piglets as in the plasma, but, again, with little effect on the interpretation of the results regarding the conversion of ALA to its LC derivatives. The only differences with the relative expression (g/100 g FA) were that EPA and C22:5n-3 concentrations were greater with linseed oil in the sow diet compared with the echium oil diet and not different from the fish oil diet.
Adding linseed oil to the diet of the sow resulted in greater concentrations of ALA, SDA, and C20:3n-3 in the plasma of the weaned piglets compared with the other diets (P < 0.05; Table 6 ). Weaned piglets from the echium oil treatment had greater concentrations of C18:3n-6 and C20:3n-6 in their plasma than piglets from the other dietary treatments (P < 0.05) and a greater concentration of C20:4n-6 than the piglets of the fish oil or linseed oil diet (P < 0.05). The ALA concentration was greater in the plasma of the weaned piglets from sows fed the echium oil diet than others (P < 0.05), although, this increase was less than the linseed oil dietary treatment as indicated before. The SDA was greater for the echium oil treatment compared with palm oil, but it was, again, less than the linseed oil. Concentrations of EPA and DHA in the plasma of the weaned piglets were greater for both linseed and echium oil treatments compared with palm oil (P < 0.05), but the concentrations were less than the fish oil treatment (P < 0.05).
In general, the RBC of the weaned piglets (Supplemental Table 3 ) showed similar changes in FA composition as plasma in response to different dietary treatments. Unlike plasma, no effect of diet on SDA was found, and for DHA, the linseed and echium oil treatment did no longer differ from the palm oil treatment. Newborn piglets had more DHA in their RBC than weaned piglets, except for the fish oil treatment, where the concentration of DHA was similar at both ages (data not shown).
Oxidative Status and α-tocopherol
There was a decrease in FRAP in the plasma of the sows towards the end of gestation, but the effect of diet was not statistically significant (Table 7) . Also α-tocopherol concentrations and GSH-Px activity were lower at parturition than at d 93 of gestation (P < 0.001).
Feeding linseed oil to the sows resulted in greater α-tocopherol concentrations for the newborn piglets compared with echium oil (P < 0.05; Table 8 ). Diet effects at weaning were observed on FRAP and α-tocopherol concentration in piglets, with FRAP being greater for the echium oil treatment than for the palm and fish oil treatment and α-tocopherol being greater for the palm oil treatment than for linseed oil and fish oil (P < 0.05). The GSH-Px values of newborn piglets were less (P < 0.001) than values at weaning. Also, α-tocopherol concentration was greater (P < 0.001) and MDA was decreased (P < 0.001) at weaning compared with birth regardless of the inclusion of n-3 PUFA in the diet.
DISCUSSION

Effect on Production Traits
Adding different sources of n-3 PUFA to the diet of the gestating sow did not influence total number of piglets born and weaned or gestation length. However, it should be noted that the number of sows may not have been sufficient to observe effects on litter size. Fritsche et al. (1993) and Rooke et al. (1998 Rooke et al. ( , 2001 ) also reported no differences in litter size when fish oil was included in the maternal diet, but an increase in the gestation length of sows fed salmon oil was found (Rooke et al., 2001) . Fish oil in the diet of the sows decreased piglet birth and weaning weights, which was also found in the studies of Rooke et al. (2001) and Cools et al. (2011) for birth weight and weaning weight, respectively. These lighter birth and weaning weights for the piglets of the fish oil dietary treatment could be related to the decreased arachidonic acid (C20:4n-6) concentrations in the plasma of these piglets, as a decrease in C20:4n-6 has been suggested to negatively influence growth (Koletzko and Braun, 1991; Carlson et al., 1993) . In contrast to most other studies, this study aimed at maintaining C20:4n-6 concentrations by providing equal amounts of the precursor FA, LA, in all diets, as an increased n-3 FA supply is known to inhibit the formation of n-6 PUFA because of the competition for Δ6-desaturase and preference of this enzyme for n-3 over n-6 FA (Kurlak and Stephenson, 1999) . However, this constant LA supply seemed insufficient to maintain C20:4n-6 concentrations in instance of the fish oil dietary treatment.
Effect on Fatty Acid Composition
This study examined 3 sources of n-3 PUFA in the maternal diet of the sow, namely linseed oil, echium oil, and fish oil. When fish oil (a direct source of EPA and DHA) was included in the maternal diet, an increase in EPA and DHA concentrations was observed in sow plasma, colostrum, and newborn and weaned piglet plasma, which is consistent with other studies that examined the effect of fish oil in sow diets (Arbuckle and Innis, 1993; Fritsche et al., 1993; Rooke et al., 1998 Rooke et al., , 2000 . This confirms that there is net placental transfer of EPA and DHA, which is likely dependent on the maternal circulating concentrations of these essential FA, as will be discussed further.
Including linseed oil, as a source of ALA, in the maternal diet increased the concentration of EPA and C22:5n-3 in the sow plasma, colostrum, and piglet plasma, indicating a conversion of ALA to these LC derivatives and a transfer of these FA from the sow to piglet. Although the DHA concentration did not increase in sow plasma and colostrum when linseed oil was fed to the sows, a small increase in DHA was observed in piglet blood. This indicates that ALA was either further converted to DHA but the DHA was directly transferred through the placenta to the piglet without being incorporated into the sow tissues or that the final step in the conversion from C22:5n-3 to DHA occurred in the piglet. Our results are consistent with the studies of Bazinet et al. (2003a) and De Quelen et al. (2010) who observed an increase in EPA and DHA concentrations in piglet plasma when linseed oil was included in the maternal diet. Furthermore, the study of De Quelen et al. (2010) also showed an increase in EPA, but not the DHA concentration, in the plasma of the sow. In addition, part of the ALA was directly elongated to C20:3n-3 instead of being desaturated to SDA and 14 < 0.001 x 0.89 w When diet × time interaction is not significant, the main effect of diet is indicated with a letter, and mean values for echium oil are not different from fish oil, both mean values are greater than for linseed oil (P < 0.05), and no mean values differ from palm oil.
x,y When diet × time interaction is not significant, the main effect of time is indicated with a letter. Within a row, means without a common superscript differ (P < 0.05). 1 FRAP = ferric reducing ability of plasma; MDA = malondialdehyde; and GSH-Px = glutathione peroxidase. Values are given as least squares means with root mean square error (RMSE); newborn piglets, n = 22 to 26; weaned piglets, n = 28 to 32. further converted to EPA and DHA. The reason for this apparent lack of conversion is unclear, but it may indicate a saturated synthesis of DHA and a consequent negative feedback on ALA. This hypothesis is strengthened by the fact that the additional ALA fed to the sows of group 4, because of the diet manufacturing fault, did not result in greater concentrations of ALA in sow and piglet plasma. Instead, a greater concentration of C20:3n-3 in the plasma of the sows in group 4 was observed, further indicating that part of the additional ALA was metabolized to C20:3n-3 rather than being desaturated to SDA and further converted to its LC derivatives.
This study also examined the effect of echium oil in the maternal diet as a possible alternative for fish oil. It was hypothesized that feeding echium oil to the gestating sow would be more efficient than feeding linseed oil to increase the DHA concentration in the newborn, as it bypasses the enzyme Δ6-desaturase. To our knowledge, this is the first study that used echium oil in the diet of pigs. Furthermore, echium oil has never been included in the maternal diet of any species, and as such, no information is available on the conversion and transfer of its FA to the offspring. Compared with the palm oil diet, echium oil in the diet of the sow increased EPA and C22:5n-3 concentrations in the sow plasma, colostrum, and piglet plasma. Furthermore, the DHA concentration was increased in the plasma of the newborn and weaned piglets, but not in the plasma and colostrum of the sows. These observations are, thus, similar to the effects of the linseed oil diet. Moreover, the increases in EPA, C22:5n-3, and DHA concentrations were equal for the linseed oil and echium oil treatments; hence, no difference in efficiency to convert precursor n-3 FA to n-3 LC PUFA was observed between both dietary treatments. Our results were consistent with the study of Cleveland et al. (2012) , where no benefit in overall DHA production was observed when echium oil was fed to rainbow trout compared with linseed oil. Also, Kitessa et al. (2012) found that echium oil was not superior to linseed oil in enriching lamb meat with n-3 LC PUFA. In contrast to our study, Cleland et al. (2005) showed that linseed oil was more effective in raising EPA concentrations in rat heart than echium oil, but similar to our study, no differences were found between the 2 oils on C22:5n-3 and DHA concentrations. Both our study and the aforementioned studies included equal levels of echium oil and linseed oil in the diet, but the amount of SDA in echium oil is less than the amount of ALA in linseed oil. Therefore, our results were in contrast with the studies that used equal levels of dietary SDA and ALA. Yamazaki et al. (1992) observed greater EPA concentrations in plasma and liver of rats fed diets containing SDA compared with ALA. Similarly, dietary SDA increased concentrations of EPA and C22:5n-3 in human plasma, whereas the ingestion of ALA did not have any effect on these FA (James et al., 2003) . In both studies, DHA concentrations were not affected, in contrast to the study of Bharadwaj et al. (2010) , in which muscle, but not liver DHA concentrations, were greater in fish (Hybrid Striped Bass) fed SDA compared with fish fed ALA.
When evaluating linseed oil and echium oil as alternatives for fish oil, we observed that the EPA and DHA concentrations in the blood of the piglets increased when linseed oil or echium oil were fed, but that they were not as great as when fish oil was fed to the sows. This is consistent with the study of Rooke et al. (2000) and Missotten et al. (2009) where EPA and DHA concentrations were increased in the piglet tissues when linseed oil was fed to the sows, but to a lesser extent than when fish oil was fed. Conversely, when mice were fed a control diet or a diet containing ALA, SDA, or EPA (10 g/100 g FA) for 3 wk, plasma concentrations of DHA increased for all dietary n-3 PUFA to the same extent (Ishihara et al., 2002) and, similarly, when dietary fish oil was replaced with echium oil in the feed of Atlantic salmon parr, which resulted in comparable amounts of n-3 LC PUFA in the muscle tissue (Miller et al., 2007) .
When DHA was not directly added to the sow diet, its concentration in the piglet RBC decreased at weaning compared with birth. This indicates that DHA is better transferred via the placenta than via milk (Sampels et al., 2011) and furthermore, when DHA is not available from the diet, it is preferentially mobilized from the sow body reserves and transferred to the fetus during gestation. The decrease in piglet DHA concentration at weaning may also indicate that the sow body reserves were depleted from DHA, except when fish oil was fed.
In general, RBC seem less subject to changes in FA composition of the diet than plasma, which is in line with the results of Rooke et al. (1998) . It is remarkable that this is especially the case when echium oil is added to the diet; no changes were found in SDA, ALA, or C18:3n-6 content of RBC of sows and piglets when echium oil was included in the diet. This might indicate that SDA and C18:3n-6 are rapidly metabolized to longer-chain FA, or β-oxidized, and that they do not accumulate in membrane lipids, as suggested by Voss and Sprecher (1988) .
Some peculiarities were observed when linseed oil was fed. First, linseed oil in the diet of the sow increased the concentration of LA in the blood of the sows and newborn piglets, although LA was kept constant in all diets. This increase was also found when growing pigs were fed diets high in ALA (Smink et al., 2012) . This could be because of the competition of both FA for Δ6-desaturase and the preference of this enzyme for ALA (Kurlak and Stephenson, 1999) or because of a decreased oxidation of LA after high dietary levels of ALA (Bazinet et al., 2003b; Smink et al., 2012) . The LA concentrations in the RBC of the piglets were greater at weaning compared with birth, in accordance to Sampels et al. (2011) , where this increase of LA in the piglet liver already occurred 1 d after birth. This indicates that LA is better transported via the milk than via the placenta. Moreover, its concentration in the RBC of the weaned piglets did no longer differ between diets according to the sow colostrum.
Second, newborn piglets from sows fed the linseed oil diet had a greater total amount of FA in their blood than piglets from sows fed the palm oil or echium oil diet. The reason for this is unclear. A possible explanation may be that the piglets from sows of the linseed oil diet were more vital at birth and hence had taken up more colostrum at the time of sampling. This would also explain the greater concentration of the fat soluble vitamin E in the blood of these piglets.
Third, feeding linseed oil to the sows did not increase the concentration of ALA or its LC derivatives in the sow plasma at d 93 of gestation compared with the start of the experiment (d 73). The ALA concentration in the plasma of the sows was also rather high at d 73. The reason for this is unclear, as ALA concentrations in the diet of the sows before d 73 were at comparable concentrations with the palm oil diet and hence this greater ALA concentration must have another origin.
Effect on Oxidative Status and α-tocopherol
The second research question of this study was if n-3 PUFA can be included in the maternal diet without affecting the oxidative status of the dam and offspring. In general, there was a decrease in FRAP and GSH-Px concentrations towards the end of gestation, indicating an increased susceptibility to oxidative stress. The increased susceptibility to oxidative stress observed in our study was independent of the diet, similar to "The Salmon in Pregnancy Study" where an increased consumption of salmon during pregnancy did not increase oxidative stress (measured by urinary 8-iso-PGF 2α , 8-hydroxy-2'-deoxyguanosine and plasma lipid peroxide concentrations) in pregnant women (García-Rodríguez et al., 2011) . However, this is in contrast with Cools et al. (2011) , who found a linear increase in MDA and FRAP in the plasma of sows with increasing percentages of fish oil in the diet. However, it should be noted that the amount of fish oil added to the maternal diet in that study was greater (ranging from 1 to 4%) than in the current study, but on the other hand, also the dietary antioxidant supply was greater (218 vs. 75 mg/kg feed; Cools et al. (2011) vs. current study, respectively).
In line with the study of Berchieri-Ronchi et al. (2011) , decreased concentrations of α-tocopherol were observed in the sow plasma around parturition. This decreased α-tocopherol concentration probably resulted from a mobilization of α-tocopherol to the colostrum and milk of the sow, as α-tocopherol is mainly transferred via the mammary gland (Lauridsen et al., 2002; PinelliSaavedra and Scaife, 2005) . However, a temporary decline in feed intake around parturition could also result in decreased α-tocopherol concentration in the maternal plasma. To what extent these reduced α-tocopherol concentrations may compromise the oxidative status of the sow in the peripartum period is unclear.
Also, the offspring did not reveal signs of an altered oxidative status when n-3 PUFA were included in the maternal diet, consistent with Sarkadi-Nagy et al. (2003) . This indicates that n-3 PUFA can be added to the sow diet at a concentration of 1% without compromising the oxidative status of mother and offspring at the current supply of dietary antioxidants. At this level of dietary PUFA, there seems to be no need for increasing the dietary content of vitamin E above 75 mg/kg. In accordance with Friendship and Wilson (1985) , GSH-Px concentrations of newborn piglets were less than GSH-Px concentrations at weaning. Also, the MDA concentration was greater at birth compared with weaning, indicating greater susceptibility to oxidative stress in newborn piglets compared with weaning, independent of the inclusion of n-3 PUFA in the maternal diet.
Conclusions
This study showed that echium oil had no benefit over linseed oil to increase the DHA concentration in the piglet when these oils were fed to the sows at a concentration of 10 g/kg feed. However, the SDA content of echium oil is less than the ALA content of linseed oil and echium oil contains less ALA than linseed oil. Hence, feeding a richer source of SDA than echium oil to gestating sows would be an interesting topic for further research. Furthermore, including n-3 PUFA in the maternal diet did not affect the plasma oxidative status of the mother or the offspring at the concentrations of PUFA and antioxidants used in this study.
